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Introduction 

Solutions  of  lithium  tetrachloroaluminate  (LiAICU)  in 
thionyl  chloride  (SOCb)  have  been  recently  employed  as 
elearolytes  for  high  energy  density  lithium  battery  sys- 
tems.''^ In  these  battery  applications,  thionyl  chloride  serves 
the  dual  role  of  an  electrolyte  carrier  as  well  as  an  active 
— cathodic  depolarizer  because  of  its  ability  to  undergo  electro- 
Ckmm  chemical  reduction.  In  the  present  studies  the  voltammetric 
CJ  behavior  of  thionyl  chloride  in  1 .5  molar  LiAICU-SOCh 
CJ>  solutions  was  examined  at  glassy  carbon  microelectrodes 
using  the  technique  of  cyclic  voltammetry. 

LaJ  Thionyl  chloride,  like  other  oxychloride  solvents,  ionizes 

rdas;’-* 

UL.  SOCl2=^SOCr  fCl"  (I) 

Covalent  metal  chlorides,  such  as  aluminum  chloride,  are 
^^^highly  soluble'  in  thionyl  chloride  and  behave  as  Lewis  acids 
because  of  their  tendency  to  form  complex  ions, 

AlCI,  + SOa2;;=sSOCr  +AlCl.r  (2) 

Lithium  chloride,  on  the  other  hand,  is  only  slightly  soluble' 
in  thionyl  chloride  but  readily  dissolves  to  neutralize  acidic 
AlCU-SOCli  solurions,  i.e.. 


LiCl  +SOC1  + ; 


-f  SOCb 


Solutions  of  lithium  tetrachloroaluminate  are,  however,  not 
strictly  neutral  from  the  standpoint  of  chloroacidity  but, 
analogous  to  LiCI04  and  LiBCU  solutions'-^  in  phosphorous 
oxychloride,  would  behave  as  weak  chloroacid  through  its 
Li  + ions  and  as  weak  chlorobase  through  its  AlCL  " ions. 

Experimental 

The  preparation  and  purification  of  thionyl  chloride  and 
lithium  tetrachloroaluminate  have  been  described  in  detail 
elsewhere.'  Briefly  stated,  thionyl  chloride  was  refluxed  over 
lithium  and  distilled.  Lithium  tetrachloroaluminate  was 
prepared  by  melting  an  equimolar  mixture  of  anhydrous 
lithium  chloride  (Fisher  Scientific)  and  aluminum  chloride 
(Fluka,  AG)  in  a flowing  atmosphere  of  hydrogen  chloride 
gas.  The  treatment  with  hydrogen  chloride  gas  was  followed 
by  bubbling  chlorine  gas  for  2-3  hours.  The  excess  of  hydro- 
gen chloride  gas  and  chlorine  gas  was  removed  by  bubbling 
argon  and  the  molten  mixture  solidified  by  gradual  c(X)ling. 
Lithium  tetrachloroaluminate,  so  obtained,  was  stored  in  a 
dry  argon  atmosphere. 

A three  electrode  system  was  used  for  all  cyclic  voltam- 
metric experiments.  A 0.3h  mm  thick  lithium  ribbtin  (FtM>te 


Mineral  (iompanv)  presstil  onto  a nickel  screen  was  used  as 
the  reference  electrcKle.  The  reference  electrude  was  contained 
in  a 10  mm  diameter  pyrex  tube  with  a fritted  ){lass  bottom. 
A cylindrical  platinum  uteen  ( V18  x V18  cm;  ^2  mesh) 
elecircxle  was  used  as  the  counter  electrode.  The  indicator 
electrode  consisted  of  a .VI 8 mm  diameter  glassy  carbon 
electrode  (Beckwith  Carbon  Company)  heat  sealed  in  a 
shrinkable  Teflon  tubing  and  the  end  ground  flush  with  the 
seal  w as  to  expose  the  cross  section  of  the  rod.  The  indicator 
electrodes  were  polished  to  a mirror  finish  using  0.1  P m si/e 
powdered  alumina. 

The  cvciic  voltammetric  scans  were  performed  with  a 
Tacussel  Model  PIT  20- 2A  potentiostat  coupled  with  a 
Tacussel  (iSTP-2A  function  generator.  The  current  flowing 
through  the  cell  was  measured  across  a precision  resistor  in 
the  counta  electrcxie  circuit.  The  i-F.  curves  were  recorded 
on  a Moselev  XY  Recorder  (Model  7()(H)A).  All  experi- 
ments were  performed  inside  a Dry- Train.  I>ry-Lab 
(Vacuum  Atmosphere  Corporation)  in  a pure  dried  argon 
atmosphere. 

I'o  obtain  reprcxiucible  voltammograms,  it  was  necessary 
to  clean  the  indicator  electrcxie  after  each  scan.  This  was 
accomplished  bv  dipping  the  electnxle  in  an  acidic  I.^M 
AICIi-SO(.l.'  solution  followed  bv  washing  with  thionyl 
chloride  and  carbon  tetrachloride.  The  electrcxie  was  then 
wiped  clean  with  a Kim  wipe  tissue  paper.  The  electnxle 
could  also  be  regenerated,  in  situ,  by  electrogenerating 
chlorine  at  the  indicator  electnxle  at  a potential  of  -1.^*  volts 
for  2-1  minutes.  The  dissolved  chlorine  in  the  solution  was 
removed  by  bubbling  argon  gas  Isefore  taking  the  next 
voltammogiam. 

RESULTS  AND  DISCU.SSION 
F.UitroihemiCtit  KtfJuiliim  of  Thionyl  ChlortUe  m 
l.iAlClrSi  K 1 .•  Solutions 

A typical  cyclic  voltammogram  obtained  in  a I.^M 
LiAlC;ii-SO(!l.>  solution  by  u'anning  the  electnxle  from  f •) 
to  0 V at  a scan  rate  of  0.1  V/s  is  shown  in  Figure  I.  The 


Msc  ramiiMi  «i  iiiwwiminKi.voiis 


Figure  1.  C^yclx  vnlitmincigrains  nhcaineil  at  glassy  larUm  miirneln 
irixles  hx  the  reduccum  of  thumyl  ihlixule  m 1 ' molar 
t.iAICIi'SCK'.l,  solunons 


•All  potentials  ate  repexced  wilh  respect  to  the  lithium  teletente  elec 
trixle 


voltammogram  shows  a large  reduction  peak  (peak  1)  Isegin- 
ning  at  ^ 1 V followed  by  an  almost  indiscernible  reduction 
peak  (peak  II)  at  ^ 1.6  V befexe  a rapid  increase  m cathixlic 
current  is  cibserved  at  ' 0.^  V due  to  the  deposition  of 
lithium  metal.  On  reversing  the  direction  of  polari/atio'n  at 
0 V,  two  small  aiuxlic  peaks  (peak  III  and  IV)  are  cibserved 
at  ^0.^  V and  2.1  V,  respectively.  The  anixhc  peak  III  is 
not  observed  if  the  direction  of  polari/atioii  is  reversed  at 
potentials  positive  to  the  lithium  deposition  {xiteiitial.  Thus, 
the  ancxlic  peak  III  may  ire  ascrilx^d  to  the  dissolution  of  tlie 
deposited  lithium  metal. 

I'he  reduction  [seaks  I and  II  iu,iy  be  reg.irded  due  to  the 
electrcxheinical  reduc;‘<)n  of  thionyl  chloride.  It  is  seen  from 
the  cyclic  voltammogra.-.is  presented  iii  Figure  1 ili.ii  while  a 
corresponding  aiuxlic  peak  (peak  IV)  is  observed  for  reduc- 
tion peak  II,  no  corresponding  aiuxlic  |>eak  is  observed  for 
reduction  peak  I. 

At  the  end  of  reduction  peak  1,  the  glassy  c,irlxiii  micro- 
electrcxie  was  found  to  Ise  passivated  clue  to  the  cle|xisitioii  ol 
a thin  film  of  an  insoluble  substance.  Thus,  aiiv  successive 
voltammograms  obtained  cm  the  same  electnxle  resulted  in  a 
large  decrease  in  the  peak  heights  for  reduction  (seak  1 To 
obtain  reprcxiucible  voltammograms,  it  was  necessary  to 
remove  the  passivating  film  after  each  scan  as  described  m 
the  Experimental  Section. 

In  order  to  determine  the  nature  of  the  passivating  film 
formed  on  the  microelectrixle,  a platinum  foil  was  substituted 
as  the  indicator  electrcxie  and  its  potential  lield  at  ' 2.S  V 
lor  about  ten  hours.  The  platinum  foil  was  then  removed  and 
washed  with  thionyl  chloride  and  carlxm  tetr.ichloride  and 
subjectecl  to  an  Electron  Microprolx-  Analysis.  From  this 
analysis  it  was  concluded  that  the  passivating  film  consists 
solely  of  lithium  chloride. 

The  electrcxheinical  reduction  of  thionyl  chloride  was 
first  studied  by  Spandau  et  al."  It  was  reported  bv  these 
workers  that  the  cathixlic  prixiucts,  obtained  by  the  elec 
trolysis  c>f  O.M  molar  (('jlDi  Nl K.I-SOf  I ■ solution,  were 
temperature  dependent.  However,  at  temperatures  alxtve 
the  cathixlic  prcxlucts  predominantly  consisted  of  SO.-, 
(il;,  and  S>(.'1-.  In  l.iAlCl.i-S(K;i.>  solutions,  the  cathixlic 
reduction  prcxlucts  are  somewhat  different  than  those  ob 
tained  in  ((i.-lDi  NIlCl-SDCl.'  solutions. 

Thus,  from  a study  of  the  discharged  lithium-thionvl 
chloride  cells  of  the  type 

Li  / l.iAKli  — SOLI."  / Larbon  Black 
Auborn  et  al.-’  concluded  that  the  cathixlic  reduction  prixiucts 
consisted  of  lithium  chloride,  lithium  sulfite,  and  sulfur  and 
proposed  the  following  cell  reaction 

8Li  f )SD(L'  ►hl.id  I l.i  .SO,  + 2.S  ( I) 

On  the  other  hand.  Hollei  k et  al. " reporteil  that  the  reaction 
products  in  the  di.scharged  lithium-thionyl  chloride  cells 
mainly  consist  of  lithium  chloride,  sulfur,  and  sulfur  dioxide 
and  proposed  the  following  cell  re.ution 

•ILi  f 2 sod.. )Lid  I S ♦ .SO 

Both  sulfur  and  sulfur  dioxide  were  foiiiul  to  lx  soluble  m 
I.iAK  li-SfH  1.'  solutions,  whereas  lithium  ihlorule,  Ixmg 
insoluble,  precipitateil  exilusivelv  m the  i.irixm  eleitrixles 
These  workers  further  reported  tlnit  lor  each  ei|uis,ilent  ol 


charjtc  passed,  one  etjuivalent  of  l.iCI  is  produicd  in  the  dis- 
charj^ed  carbon  cathodes.  This  observation  is  consistent  only 
with  the  cell  reaction  represented  by  Etjuation  (M.  A cell 
reaction  identical  to  Equation  (M  was  also  proposed  by  l)ey 
and  Schlaikjer.'" 

Since  the  passivutiny;  tiliii  on  the  inicroelectrodes  in  the 
present  studies  was  also  found  to  consist  of  lithium  chloride 
only,  it  is  reasonable  to  assume  that  the  cathiKlic  retiuction 
products  are  identical  to  those  found  by  llolleck  et  al.''  The 
electrtK'hemical  reduction  of  thionyl  chloride  may,  therefore, 
be  represented  by  the  equation 

2 S(H;1..  + I l.i  ^ Tie -1  l-iCI  + S + SO.-  (6) 

Since  no  anodic  peak  is  observed  corresponding  to  the 
reduction  peak  I,  it  is  apparent  that  the  reduction  of  S()(.'l.> 
in  I.iAK.'li-SOCI  - solutions  does  not  iHCur  reversibly.  Thus, 
the  peak  and  half-peak  potentials  for  reduction  peak  I are 
not  independent  of  scan  rate  but  instead  shift  to  less  positive 
potentials  with  increasing;  scan  rate.  I'he  difference  between 
the  peak  and  half-peak  potentials  is  also  much  greater  than 
that  expected"  for  the  reversible  priness  leading  to  the 
deposition  of  an  insoluble  substance.  However,  since  the 
deposition  of  lithium  chloride  on  the  glassy  carbon  micro- 
electrodes during  the  voltammograms  introduces  iR  effects 
which  are  similar  to  kinetic  effects,  it  is  not  possible  to 
determine  the  kinetic  parameters  of  the  charge  transfer 
priH'ess  frtim  the  recorded  voltammograms. 

The  other  reduction  peak  (peak  11)  in  Figure  I may  be 
auribed  to  the  reduction  of  sulfur  or  sulfur  dioxide.  Both 
sulfur  and  sulfur  dioxide  are  formed  as  products  of  thionyl 
chlixide  reduction  as  shown  in  Equation  (6).  Since  the  cyclic 
voltammograms  exhibit  an  anodic  peak  (peak  IV)  corres- 
ponding to  reduction  peak  II,  it  is  evident  that  the  reduction 
product  of  sulfur  or  sulfur  dioxide  can  he  reoxidi/ed  at  more 
positive  potentials. 

EUttrixhtmiial  Oxidution  of  Thionyl  ChlonJe  in 
LiAlQi-SOCli  Solutions 

Typical  cyclic  voltammograms  for  the  oxidation  of  thionyl 
chloride  in  LiAI(!l.i-S()(d.>  solutions  are  presented  in  Figure 
2.  These  voltammt^grams  were  obtained  by  scanning  the 
electrode  from  -f  3-0  to  -f-3.0V  and  from  -(-3.(>to  -f  4.5V, 
respectively.  BckIi  voltammograms  show  a sharp  increase  in 
the  anodic  current  at  ^4.1  V and  exhibit  a reduction  peak 
beginning  at  ' .3.6  V'  on  the  reverse  scan.  If  the  pitential  of 
scan  reversal  is  greater  than  4.5  V,  a small  break  is  observed 
in  the  anixiic  current  at  ^ 4.6  V.  The  height  of  the  reduction 
peak  depends  largely  on  the  potential  of  scan  reversal,  i.e., 
the  peak  height  increases  as  the  pitential  of  scan  reversal  is 
made  mtire  pisitive.  The  reduction  peak  in  these  voltammo- 
grams is  niK  observed  if  the  direction  of  pilari/ation  is  re- 
versed pior  to  the  onset  of  the  anixiic  current. 

The  reduction  peak  V in  this  voltammogram  (Figure  2) 
was  identifiKl  as  due  to  the  reduction  of  chlorine  by  studying 
the  chlixine  solution  in  LiAK'h-SOC.Ij.  A typical  cyclic 
voltammogram,  obtained  at  glassy  carbon  microelectrixJe  in  a 
dilute  solution  of  chlcxine  in  I.5M  LiAI('li-S(X!b,  is  pe- 
sented  in  Figure  3-  Excep  fix  the  additional  reduction  pak 
(pak  V)  at  ^ .3.25  V,  the  cyclic  voltammogram  in  Figure  3 
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Figure  2.  Cyclic  vcslumnutgcams  otsiamesl  at  gUuy  iMhisn  micrixin 
iriidcs  fix  ihr  oxidaliun  uf  chusnyl  chUxsde  us  I S mislar 
l.iAli-StK'l;  Miluiions 
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Figure  3.  Cyclic  vnliammugrami  ofxained  M glassy  carhiin  nucro- 
cicariides  in  a dilute  sniutitsn  of  chlorine  in  1 .3  molar  l.iAlt  h- 
SOCI... 


is  similar  to  the  cyclic  vcdtammiigram  obtained  in  chlixinc 
free  1 .5M  l.iAK'U-SOClj  solution  (Figure  I ),  The  reduction 
pak  V is,  therefore,  due  to  reduction  of  chlixine  which  may 
be  represented  by  the  equation'’* 

Cl.  T-  2Li  ' T-  2e  — ► 2LiCI  (7) 

The  reduction  pak  V in  Figure  3 increases  with  increasing 
chlixine  cixicentration  and  in  concentrated  solutions  overlaps 
with  the  thionyl  chlixide  reduction  pak  (pak  I). 

Since  the  reduction  pak  in  the  voltammograms  pesented 
in  Figure  2 ixcurs  at  the  same  pstential  as  the  chlixine 
reduction  pak  in  Figure  3,  the  sharp  increase  in  the  anixiic 
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current  at  ^4.1  V must,  therefore,  result  in  the  formation  of 
chlorine.  Because  of  its  high  solubility  in  LiAICU-SOCIi 
solutions,  the  chlorine  formed  during  the  forward  scan  is 
retained  in  the  solution  and  is  then  reduced  during  the 
reverse  scan  giving  rise  to  the  reduction  peak  ^ 3.29  V at  scan 
rates  >0.01  V/s.  At  lower  scan  rates,  chlorine  formed  at  the 
indicator  elearode  diffuses  away  from  the  electrode  and  is 
not  available  for  reduction  during  the  reverse  scan.  Thus,  at 
scan  rates  of  <0.01  V/s,  no  reduction  peak  is  observed  in 
the  cyclic  voltammograms.  Thus,  the  elearo-oxidation  of 
thionyl  chloride  in  LiAICU-SOCb  solutions  results  in  the 
formation  of  chlorine  and  the  electrode  reaaion  may  be 
represented  as 

2 SCXTli  + 2 AlCU  2 SOCl ^ AlCU"  +Clj  + 2 e («) 

The  above  conclusions  are  in  agreement  with  Spandau  et  al." 
who  also  reported  that  the  electrolysis  of  0.14  molar 
(C.>Hi)<NHCi-SOCh  solutions  results  in  the  formation  of 
chlorine  at  the  anode. 
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